The complete nucleotide sequence of pETB, a 38.2-kb Staphylococcus aureus plasmid encoding the exfoliative toxin B (ETB), was determined. A total of 50 open reading frames were identified on the plasmid genome and, among these, 32 showed sequence similarity to known proteins. pETB contains three copies of IS257, which divide the pETB genome into three regions: (i) a cadmium resistance operon-containing region, (ii) a lantibiotic production gene-containing region, and (iii) the remaining part where genes for plasmid replication and/or maintenance are dispersed. In the third region, genes of various kinds of functions are present among the replication-and maintenance-related genes. They include two virulence-related genes, the etb gene and a gene encoding a novel ADP-ribosyltransferase closely related to EDIN, which belongs to the C3 family of ADPribosyltransferases modifying Rho GTPases. They also include genes for a cell wall-anchoring surface protein and a phage resistance protein. Based on the determined sequence of pETB, the genome structures of etb-bearing plasmids (ETB plasmids) from various clinical isolates were analyzed by the PCR scanning method. The data indicate that, although the ETB plasmids are highly heterogeneous in genome size, the fundamental genome organization is well conserved. The size variation of the plasmid is mainly attributed to defined regions which may be hot spots for gene shuffling.
Exfoliative toxin (ET) is an exotoxin produced by staphylococcal species, causing blisters in human and animal skin (29) . ET-producing Staphylococcus aureus is involved in staphylococcal scalded-skin syndrome (SSSS), or Ritter disease, and bullous impetigo in neonates (18, 29, 32) . Serologically, ETs causing diseases in human have been divided into two major serotypes: ETA and ETB (5, 28) . Both types cause intraepidermal cleavage in the granular layer, without epidermal necrolysis or inflammatory response of skin (5, 16, 28) . The mechanism whereby ETs produce exfoliation of the skin has been unknown for a long time, but several lines of evidence have suggested that they are acting as a protease: (i) amino acid sequences of ETA and ETB show similarity with the S. aureus V8 serine protease (14) , and the catalytic site of V8 protease is conserved in ETA (6); (ii) partially purified ETs preincubated with serine protease inhibitors exhibits delayed skin exfoliation (14) ; (iii) substitution of the serine residue with glycine in the putative catalytic site of ETA completely abolishes the exfoliative activity of the toxin (37, 38) ; and (iv) crystal structures of ETA (12, 56) and ETB (55) have recently been determined, and both types were shown to structurally belong to the chymotrypsin family of serine proteases. More recently, it has been shown that ETA digests desmoglein I, which is one of the major desmosome proteins present in the epidermal layer of human skin (4) .
The genes for ETs are detected only in some S. aureus clinical strains. This limited distribution of the ET genes suggested that certain S. aureus strains acquired the genes by horizontal gene transfer. Recently, we actually demonstrated that the gene for ETA (eta) is carried on the genome of a temperate phage integrated into the S. aureus chromosome (62) . On the other hand, the gene for ETB (etb) is located on large plasmids (21) . Bacteriocin production and cadmium resistance have been also reported to be associated with etbbearing plasmids (25, 57, 58) . Despite the fact that etb-bearing plasmids play important roles in S. aureus skin infection, they have been poorly characterized at the molecular level so far. In this study, we determined the complete nucleotide sequence of an etb-bearing plasmid, pETB, and found that the plasmid encodes not only ETB but also a novel virulence factor, EDIN-C, which catalyzes the ADP-ribosylation of Rho GTPase, a member of the Ras small GTPase superfamily of eukaryotic cells. A PCR scanning analysis based on the determined pETB sequence revealed that the genome organizations of ETB plasmids from various clinical sources are well conserved, although the genome sizes are significantly diverged.
MATERIALS AND METHODS
Materials and chemicals. EDIN-A was purified to homogeneity from S. aureus E-1 as described previously (45) . Anti-EDIN-A serum was prepared as described previously (46) . TSKgel HA-1000 and TSKgel G3000 SW XL were obtained from Tosoh, Tokyo, Japan. [␣- 32 P]NAD was from DuPont NEN. Primers used in this study are listed in Table 1 . The S. aureus-Escherichia coli shuttle vector pCL8 was kindly provided by Chia Y. Lee. Other materials and chemicals were from commercial sources.
Bacterial strains. S. aureus TY4 was isolated from skin lesions of patients diagnosed as SSSS in Hiroshima Citizen's Hospital. Other S. aureus strains used in this study were from our laboratory collection of clinical isolates producing ETB. E. coli DH5␣ (Difco Laboratories) was used as the host strain in preparing the shotgun library of pETB plasmid DNA. E. coli and S. aureus were grown aerobically in Luria-Bertani broth and heart infusion broth (HI; Difco) at 37°C, respectively. When necessary, ampicillin (at 100 g ml Ϫ1 ) was added. Manipulation of DNA. Routine DNA manipulations were performed by standard procedures (42) . Transformation of S. aureus by electroporation was performed as described previously (47) . pETB DNA was extracted from TY4 by the method of Kado and Liu (26) and purified by using a Qiagen Midi kit. The plasmid DNA was further purified by CsCl equilibration centrifugation, followed by isopropanol precipitation. Southern blotting of DNA and hybridization were performed as described previously (46) .
Sequence determination. The nucleotide sequence of pETB was determined by shotgun approach as described previously (62) . Collected sequences were assembled by using the SEQUENCHER DNA sequencing software (v.3.0; Gene Codes). The sequences of both strands were determined at least once for the entire region.
Computer analysis. Searches for open reading frames (ORFs), ribosomebinding sites, and restriction sites were performed by using SEQUENCHER and GENE WORKS (v.5.1; IntelliGenetics). Protein and nucleotide sequences were compared with those in the sequence databases by using the BLAST and FASTA programs implemented at the DDBJ.
PCR scanning analysis. Plasmid DNAs were isolated from ETB-producing S. aureus clinical strains in our laboratory stock and were used as templates for PCR. The strategy of the PCR scanning analysis of etb-bearing plasmids was essentially as previously described (34) . All primers were designed according to the nucleotide sequence of pETB (Table 1) .
Purification of EDIN-C. The EDIN-C gene was amplified by PCR by using pETB as a template and cloned into S. aureus-E. coli shuttle vector pCL8 to generate pTY56. PCR primers were designed to introduce EcoRI and BamHI restriction sites into the upstream and downstream regions of the EDIN-C gene, respectively (Table 1) . S. aureus RN4220 was transformed with pTY56, and the transformant TY2057 was used for overproduction and purification of the recombinant EDIN-C. TY2057 exponentially growing in HI was inoculated into 3 liters of the same fresh medium and incubated with continuous agitation by a rotary shaker for 18 h at 37°C until the stationary phase. The supernatant was collected by centrifugation at 10,000 ϫ g for 30 min at 4°C. Concentrated culture filtrate was prepared by 80% ammonium sulfate precipitation. Concentrated culture filtrate was dialyzed against 100 mM phosphate buffer (pH 6.8) and applied to a TSKgel HA-1000 column (7.5 mm [inner diameter] by 75 mm long; Tosoh) which was equilibrated with 100 mM phosphate buffer (pH 6.8). The column was washed with 100 mM phosphate buffer (pH 6.8) until most of the unbound proteins passed through. The bound proteins were eluted with a linear gradient of 100 to 500 mM phosphate buffer (pH 6.8) at a flow rate of 1.0 ml/min. The fractions positive for EDIN-C were collected and loaded onto a TSKgel G3000SW XL (7.5 mm [inner diameter] by 300 mm) equilibrated with 100 mM phosphate buffer containing 100 mM Na 2 SO 4 , (pH 7.0), and the proteins were eluted at a flow rate of 0.5 ml/min. All of the chromatographic procedures were performed at room temperature. The N-terminal amino acid sequence of the purified protein was determined by a PROCYTE protein sequencer (Shimazu, Tokyo, Japan).
Preparation of antiserum. To obtain anti-EDIN-C serum, we first constructed a recombinant plasmid encoding the His 6 -tagged EDIN-C protein. A DNA fragment corresponding to the processed form of EDIN-C was amplified by PCR and placed downstream of the His 6 -tag sequence of pQE30 (Qiagen). The recombinant plasmid was introduced into E. coli XL-II blue, and the overproduced His 6 -tagged EDIN-C protein was purified to homogeneity by using Ninitrilotriacetic acid agarose column (Qiagen) according to the manufacturer's instruction. The purified protein was emulsified with either Freund complete or incomplete adjuvant (Difco Laboratories, Detroit, Mich.) at 50 g of protein per ml. A rabbit (2 kg) was immunized at day 1 with the sample emulsified with the complete adjuvant and at day 14 with that with the incomplete adjuvant. At day 28, the rabbit was injected intravenously with 50 g of the protein. Antiserum was obtained 5 weeks after the first immunization. The affinity-purified antibody specific to His 6 -tagged EDIN-C was prepared as follows. Purified His 6 -tagged EDIN-C was coupled to CNBr-activated Sepharose 4B beads according to the manufacturer's instructions. A column packed with EDIN-C-coupled Sepharose Preparation of recombinant small GTPases. E. coli BL21(DE3) bearing pFLAG-RhoA, pFLAG-Rac1, or pFLAG-Cdc42 was prepared as described earlier (49) . The recombinant proteins expressed as N-terminally FLAG-tagged proteins were purified by using anti-FLAG M2 affinity gel (Sigma). To obtain the His 6 -tagged RhoA mutant containing Asn41-to-Ala41 substitution, the RhoA gene was first amplified by PCR by using pFLAG-RhoA as a template and cloned into the BamHI-SacI site of pQE30. The PCR-based site-specific mutagenesis introducing the Asn41-to-Ala41 substitution was achieved by the overlap extension method by using four primers as described previously (24) ( Table 1 ). The resulting PCR product was digested with BamHI and SacI, and cloned into the BamHI-SacI site of pQE30. His 6 -tagged proteins were purified as described above.
ADP-ribosylation assay. The ADP-ribosylation assay was performed in a buffer containing 100 mM HEPES-NaOH (pH 8.0)-10 mM dithiothreitol-0.1 mM MgCl 2 -10 M [␣-
32 P]NAD (1,000 to 3,000 cpm/pmol) as described previously (48) . The total volume of each reaction mixture was 100 l, which contained 10 ng of EDIN-A or EDIN-C. Radioactivities incorporated into the small GTPases were determined by phosphorimaging with a BAS2000 (Fuji, Tokyo, Japan).
Other procedures. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting (immunoblotting) were performed as described previously (50) . Protein concentrations were determined by the method of Bradford (8), with bovine serum albumin as a standard.
Nucleotide sequence accession number. The nucleotide sequence data determined here is included in the DDBJ, EMBL, and GenBank nucleotide sequence databases under accession no. AP003088.
RESULTS

DNA sequence and general overview of the ETB plasmid.
TY4 is a clinical strain of S. aureus isolated from an SSSS patient. A preliminary study by pulsed-field gel electrophoresis and Southern hybridization demonstrated that this strain possesses a large plasmid carrying the etb gene (designated pETB). The plasmid DNA was isolated from the strain and purified by CsCl gradient centrifugation. Subsequently, the complete nucleotide sequence of pETB was determined by a shotgun approach. Assembly of 716 underlying sequences (average length of 500 bp) resulted in a single contiguous sequence of 38,211 bp, with ca. 9.4 average redundancy. The average GϩC content of pETB is 27.75%. To predict the protein coding regions, i.e., ORFs, we searched the entire nucleotide sequence for ORFs longer than 50 codons that started with ATG, GTG, or TTG. Each ORF was then examined for the presence of a ribosome-binding sequence and sequence similarity to known proteins. Intergenic regions longer than 100 bp were again searched for the presence of ORFs longer than 30 codons. In this way, we identified 50 potential protein-coding regions, including etb (tentatively named ORF1 to ORF50; etb corresponds to ORF7) ( Fig. 1 ; Table 2 ). Among these, 32 ORFs showed sequence similarity to known proteins. These include a cadmium resistance operon, a set of genes for lantibiotic production, several genes for plasmid replication and maintenance, and a phage resistance gene. A gene encoding a novel ADP-ribosylating toxin closely related to EDIN was also identified.
IS elements. pETB contains three copies of IS257 (designated as IS257-A to -C), is 675 bp long, and has terminal inverted repeats of 18 bp. This IS element has been found on three S. aureus plasmids: pRW001 (13), pSK41 (7), and pSH6 (11) . Among the three copies of IS257 on pETB, IS257-A and IS257-B contain authentic frameshift mutations in the putative transposase genes (nucleotide positions 19019 and 22270, respectively; Table 2 ). IS257 is known to create a target site duplication of 8 bp at the insertion site (7) . By examining the boundary nucleotide sequences of the three IS257s, identical 8-bp sequnces (5Ј-GTTCTTTT-3Ј) were found at the right boundary of IS257-A and at the left boundary of IS257-C (Fig.  1B) . This suggests that these two IS elements form a composite transposon (see below).
Cadmium resistance. On a segment flanked by IS257-A (positions 18871 to 19544) and IS257-B (positions 22122 to 22795), a cadmium resistance operon and several small genes are present ( Fig. 1; Table 2 ). ORF34 and ORF35 are virtually identical to a cadmium resistance gene, cadD, and its regulatory gene, cadX*, in S. aureus plasmid pRW001, respectively (99 and 93% amino acid sequence identity, respectively). PRW001 is also an etb-carrying plasmid that contains genes for bacteriocin BacR1 (13) . The cadDX* operon of pRW001 is located on a segment flanked by two IS257 elements as well, and the nucleotide sequence of the ca. 4-kb pRW001 segment is 97% identical to that of the corresponding stretch of pETB. The functions of the other small genes on the segment are unknown, while ORF29 shows sequence similarities to the C-terminal parts of the Rep proteins of S. aureus plasmids pKH4 (accession no. AAB47992) and pST94 (23) . This ORF is probably a remnant of a replication protein which was truncated by the insertion of IS257-A. Two-component lantibiotic production system. Genes for bacteriocin production are clustered in the 23-to 36-kb region flanked by IS257-B and IS257-C (positions 36177 to 36851) (Fig. 1) . Eight genes (ORF40 to ORF48) form an operon-like structure, and most of them exhibit significant homology to the genes involved in the production and secretion of the posttranslationally modified lantibiotics of Lactococcus lactis DPC3147 (15) and/or L. lactis 481 (40) (Fig. 2) . From S. aureus strain C55, a DNA fragment corresponding to part of this operon (ORF40 to ORF43) has been cloned and sequenced though the entire region of the C55 operon has not yet been analyzed (35) . Thus, according to the nomenclature used for C55, ORF40 to ORF43 were designated sac␣A, sac␤A, sacM1, and sacT, respectively. Based on the homology to the twocomponent lacticin operon of strain DPC3147 (15), sac␣A and sac␤A were predicted to encode the precursors of the bacteriocin components, and sacM1 and sacT were predicted to be involved in the modification and transport of lantibiotics, respectively (15) . Similarly, ORF44 (designated sacM2) is predicted to be involved in the modification of lantibiotics together with sacM1 since it encodes a protein showing 40% sequence identity to LtnM2. ORF45 also exhibits 44% sequence identity to an ORF of unknown function (ORF40) in the lacticin operon of DPC3147, while ORF46 is homologous to lctF, an ABC transporter gene involved in the immunity to the bacteriocin of L. lactis 481 (40) (Fig. 2; Table 2 ). The functions of ORF47 and ORF48 were not assigned by database search, but the absence of a transcriptional terminator for upstream gene(s) and potential promoter in front of these ORFs suggests that these are also a part of the lantibiotic production operon. Upstream of sac␣A are two ORFs that are transcribed in the opposite direction of the sac␣A-ORF48 operon. It is not known whether these ORFs are involved in the lantibiotic production, although ORF38 shows homology to a putative ATP/GTP-binding protein of Campylobacter jejuni (accession no. CAB73966).
When strain TY4 was grown on a lawn of S. aureus FDA209P, the colony produced a zone of clearing after 24 h of incubation at 37°C. On the other hand, pETB-deleted TY4 failed to produce a zone of clearing. These data indicate that TY4 produces bacteriocin(s) and that pETB is involved in the bacteriocin production. Thus, the identified lantibiotic operon is likely to be active. Intriguingly, however, TY4 failed to produce a zone of clearing when pETB-deleted TY4 was used as an indicator strain. This implies that TY4 contains a chromosomal locus specifying the immunity to the lantibiotic, although the operon on pETB may also encode the immunity function. Therefore, the lantibiotic(s) may not be involved in the maintenance of the pETB in the population.
It is noteworthy that the lantibiotic production gene clusters are flanked by pairs of IS elements (or IS remnant) in both L. lactis DPC3147 and L. lactis 481. As mentioned above, this is also the case for the genes of pETB, suggesting that IS elements are deeply involved in the dissemination and diversification of the genetic determinants of lantibiotic production among both lactococcal strains and staphylococcal strains.
Genes for replication and stable maintenance of pETB. All ORFs potentially involved in replication and partitioning of pETB are scattered in the region flanked by IS257-A and IS257-C, and this region occupies approximately half of the pETB genome ( Fig. 1; Table 2 ). ORF20, designated rep, encodes a protein that exhibits significant similarity to the replication-initiation proteins of several plasmids of gram-positive origin, such as Enterococcus faecalis plasmid pAM-␤1 (10), Streptococcus agalactiae plasmid pIP501 (9) , and Streptococcus pyogenes plasmid pSM19035 (9) . These are conjugative plasmids belonging to the class D theta replicating plasmid family (10) . Class D plasmids are structurally similar to class A plasmids but require DNA polymerase I for replication (10) . ORFs 16 to 18 are the homologues of the three contiguous ORFs in the replication-partition region of L. lactis plasmid pCL2000, i.e., ORF1, parA, and repA, respectively (27) . The parA gene of pCL2000 has been demonstrated to be essential for stable plasmid maintenance (27) . pCL2000 belongs to a newly classified group of theta replicating plasmids, the pLS32 family (53) . Staphylococcal plasmids such as pSX267 (22) and pSK41 (7, 20) also belong to this group. ORF18 actually exhibits a high sequence similarity to the Rep protein of pSK41, and the following ORF19 exhibits a high sequence similarity to orf86, which is a neighboring gene of rep in pSK41. It should be noted, however, that ORF18 of pETB is apparently truncated and encodes only the N-terminal part of the replication protein. Besides the parA homologue, pETB contains an additional two genes probably involved in stable plasmid maintenance: ORF1 and ORF50. ORF1 is almost identical to orf245 of pSK1, which has been demonstrated to be required for the segregational stability of the pSK1 replicon (19) . ORF50 encodes a protein belonging to the plasmid resolvase family, a subfamily of the recombinase superfamily, and is also likely to contribute to the segregational stability of pETB by facilitating efficient partitioning through conversion of plasmid multimers into monomers (51) .
In the replication-maintenance region of pETB, various kinds of genes whose functions are apparently unrelated to replication or maintenance are present. They include two virulence-related genes: etb and ORF2. ORF2, located 1.2 kb upstream of etb, encodes a new ADP-ribosylating enzyme closely related to EDIN, as described in detail below. ORF23 showed weak homology to ESP, a cell surface protein of E. faecalis (44) . ESP is a member of the protein family that covalently links to the cell wall with a consensus cell wall-anchoring motif LPXTGX existing in the C-terminal domain (36, 43) . ORF23 also contains a motif sequence, LPNTGK, in the Cterminal region, and the motif is followed by a short stretch of hydrophobic amino acids, suggesting that ORF23 encodes a protein covalently linked to the cell wall. To our knowledge, this is the first plasmid-encoded cell wall-anchoring protein found in staphylococci. ORF24 exhibits high sequence similarities to phage resistance proteins of L. lactis, such as AbiK (17), and thus it probably functions as an abortive infection protein against certain phages of S. aureus.
EDIN-C, a new mono-ADP-ribosyltransferase. As mentioned above, ORF2 was found to display a high sequence similarity to EDIN (Table 2) . EDIN was initially discovered as an inhibitor for morphologic differentiation of cultured epidermal keratinocytes and designated epidermal cell differentiation inhibitor (EDIN) (45) . It was later shown to be a mono-ADPribosyltransferase that specifically modifies eukaryotic small GTP-binding proteins belonging to the Rho family (RhoA and RhoB) (48) and is now regarded as a member of the large family of bacterial Rho-specific mono-ADP-ribosyltransferases, the C3 family. Members of the family are the basic proteins with low molecular mass (ϳ25 kDa), but their amino acid sequences are considerably diverged (2) . Recently, Wilde et al. (61) identified a novel mono-ADP-ribosyltransferase from S. aureus HM16 and designated it C3 stau . However, C3 stau showed 78% sequence identity to EDIN, while only 34% to C3 of Clostridium botulinum ( Table 3 ), indicating that it is a close relative of EDIN. We therefore tentatively renamed the EDIN protein first identified in S. aureus E-1 as EDIN-A, C3 stau as EDIN-B, and the third one discovered in this study as EDIN-C. EDIN-C shows 66% sequence identity to EDIN-A and 64% to EDIN-B (Table 3 ) and, in both cases, the homologies were observed throughout the molecules (Fig. 3) . To confirm that EDIN-C is actually a mono-ADP-ribosyltransferase, the gene (ORF2) was cloned into S. aureus-E. coli shuttle vector pCL8 to generate pTY56, and the gene product was purified from the culture supernatant of TY2057, a derivative of S. aureus RN4220 which was transformed with pTY56. The molecular mass of the purified protein is 24 kDa (Fig. 4a) , and the N-terminal sequence, DDVKN, exactly matched the sequence starting from the Asp residue at position 36 of ORF2. At the same time, we prepared the EDIN-C-specific antibody by using the recombinant His-tagged EDIN-C protein as described in Materials and Methods and then compared the serological properties of EDIN-A and EDIN-C. As shown in Fig. 4b and c, the anti-EDIN-A antibody weakly reacted with EDIN-C, but anti-EDIN-C did not recognize EDIN-A. The ADP-ribosylation assay revealed that EDIN-C, in the presence of [ 32 P]NAD, preferentially radiolabeled RhoA but not Rac1 or Cdc42 as EDIN-A did. Furthermore, a RhoA mutant (RhoA A41), which contains a single amino acid substitution at the target residue (N41) of ADP-rybosylation by the C3 family including EDIN-A, was resistant to modification (Fig. 5A) . The kinetics study with RhoA as a substrate revealed that ca. 1 mol of ADP-ribose was incorporated into 1 mol of RhoA by EDIN-C, whereas ca. 0.1 mol of ADP-ribose was incorporated by EDIN-A (Fig. 5B) . These results indicate that EDIN-C catalyzes mono-ADP-ribosylation of RhoA more efficiently than EDIN-A and modifies the asparagine residue at position 41 in vitro.
PCR scanning analysis of etb-carrying plasmid in clinical isolates. By analyzing the restriction profiles of etb-bearing plasmids from various S. aureus clinical isolates, it was shown that ETB plasmids are heterogeneous in size but exhibit somehow similar restriction profiles. This suggested that they are closely related to each other (59) . To test this assumption, we examined the genome organization of etb-bearing plasmids (34) . These plasmids are indeed remarkably diverse in the genome size, ranging from 38 to ϳ55 kb (data not shown). First, 10 genes on pETB (edin-C, etb, and ORFs 17, 23, 24, 34, 35, 42, 44, and 47) were selected, and their presence in the 11 etb-carrying plasmids was examined by using 10 pairs of primers that were designed to specifically amplify each target gene. All pairs of primers yielded PCR products with expected sizes in all of the tested plasmids except for a plasmid from strain TY110 (Fig. 6a) . This result clearly demonstrated that not only etb but also the other nine genes, which include the edin-C gene, are almost perfectly conserved in the ETB plasmids. In the ETB plasmid of TY110, only the two ORFs constituting the cadmium resistance operon, ORF34 and ORF35, are missing. Subsequently, the gene organizations of each plasmid genome were examined by using various combinations of the primers (Fig. 6a) . As summarized in Fig. 6b , in all plasmids, the tested genes are located in the same order as that on pETB. This indicates that, although the ETB plasmids are significantly diverged in genome size, their genome organizations are surprisingly well conserved. In particular, the genome of the ETB plasmid from strain TY93 (no. 8 in Fig. 6 ) is virtually identical to that of pETB. In the other plasmids, some differences in fragment size were noted (one to three segments in each plasmid). However, the size variations were observed in limited regions: only two regions showed the size variation in more than 2 plasmids (regions A and D in Fig. 6 ). Although region A displayed only two patterns in size variation, region D is highly heterogeneous in size, and this region appears to mainly contribute to the genome size variation of etb-carrying plasmids.
DISCUSSION
Previous restriction enzyme (fingerprinting) analyses of etbbearing plasmids isolated from different geographic locations and from strains with different phage patterns suggested that etb resides on a single family of large plasmids (59, 60) . In the present study, we determined the complete nucleotide sequence of an etb-bearing plasmid, pETB. The PCR scanning analysis based on the determined sequence revealed that the genome structures of ETB plasmids are well conserved, verifying the above-mentioned idea. Although we did not examine pRW001, which was previously suggested to be the archetype of ETB plasmids, the reported size (37.5 kb) and restriction map of pRW001 (25) are similar to those deduced from the nucleotide sequence of pETB. It has also been reported that cadmium resistance and lantibiotic production are often associated with ETB plasmids (58, 59) . Our data obtained by PCR scanning analysis clearly indicate that the regions containing the genes responsible for the two phenotypes are highly conserved among ETB plasmids (Fig. 6) . The published nucleotide sequence of the cadmium resistance region of pRW001 (13) is almost identical to that of pETB. The 3.3-kb nucleotide sequence of a 32-kb ETB plasmid of strain C55 (35) , which corresponds to the portion of the lantibiotic production region, is also virtually identical to that on pETB. Therefore, the nucleotide sequence of pETB determined in this study is regarded as the archetype of etb-bearing plasmids.
pETB contains three copies of IS257, and they divide the pETB genome into three regions which may represent the fundamental modules constituting the ETB plasmid genomes: (i) the cadmium resistance operon-containing region, (ii) the lantibiotic production gene-containing region, and (iii) the remaining part where replication-and/or maintenance-related genes are dispersed. A previous finding that cadmium resistance is sometimes not associated with ETB production (59) might be explained by IS257-mediated deletion of the region containing the cadmium resistance operon. The third large module containing replication-and maintenance-related genes appears to be a mosaic of several DNA segments of different origins and is assumed to have been generated by genetic shuffling through evolution. The origin of the replication machinery actually differs from those of plasmid maintenance genes; the rep gene of pETB is closely related to those of type D theta-replicating plasmids, while maintenance-related genes are similar to those on S. aureus multiresistance plasmids, such as pSK41 and pSK1, that belong to the pLS32 family (19) . A remnant of a replication protein of the pLS32 family (ORF18) also remains in this module. A variety of genes identified on this module, the functions of which are apparently unrelated to each other, may be acquired during the process of genetic shuffling. The two segments of pETB that exhibit the highest size variability (regions A and D) are located in this module, and they may be the hot spots for genetic shuffling. Furthermore, this module itself may be able to move as a composite transposon because a possible target site duplication was identified at the boundaries of two IS elements flanking this module: IS257-A and IS257-C. The presence of another remnant replication protein (ORF29) at the right boundary of IS257-A implies that pETB was generated by integration of the module into a replicon carrying the cadmium resistance operon.
It is intriguing to know how the ETB determinant can be transmitted among staphylococcal strains. Since we could not find any trace of conjugal transfer (tra) gene cluster in the pETB sequence, pETB does not appear to be self-transmissible. The possibility of cotransfer with another conjugative plasmid remains elusive, but so far we could not detect any other plasmid in ETB-producing clinical isolates. Rogolsky et al. (41) demonstrated that pRW002, which carries the etb gene, was transferred to a plasmidless recipient strain by mixed-culture transduction. This suggests that ETB plasmid can be transmitted by some bacteriophage, but it remains unknown whether transduction is actually involved in the dissemination of pETB (or etb) in nature. Phylogenetic analysis of ETB-producing clinical strains may provide a clue to understanding the mechanism by which ETB plasmids spread among S. aureus strains.
The most medically important finding obtained in the present study is the identification of ORF2 encoding a novel ADP-ribosyltransferase closely related to EDIN, a member of the bacterial C3-like ADP-ribosyltransferase family, which specifically modifies and inactivates Rho GTPases (48) . C3 exoenzymes of C. botulinum were first described as Rho-specific ADP-ribosyltransferase and, since then, proteins with similar activities have been identified from S. aureus, Clostridium limosum, and Bacillus cereus (2, 30, 39) . EDIN was initially discovered as a factor inhibiting morphologic differentiation of epidermal keratinocytes (50) and later identified as an ADPribosyltransferase modifying Rho GTPases (48) . ORF2 exhibits 66% sequence identity to EDIN, and the gene product specifically ADP-ribosylates RhoA but not Rac1 and Cdc42 (Table 3 and Fig. 5 ). C3 stau , a Rho-specific ADP-ribosyltransferase recently identified from S. aureus HM16, also exhibits high sequence similarities to EDIN and ORF2 (70 and 64% identity, respectively) but remarkably less similarity to C3 enzymes from clostridia (Table 3) . Thus, these three proteins are closely related to each other and form a distinct group among the C3 superfamily. We therefore propose that the original EDIN be renamed EDIN-A, that C3 stau be renamed EDIN-B, and that the enzyme newly identified in this study (ORF2) be named EDIN-C. Recently, EDIN-B (C3 stau ) was shown to modify not only the RhoA, -B, and -C subtypes of the Rho family but also RhoE/Rnd3, whereas C3 confined its substrate specificity to RhoA, -B, and -C (61). It should be elucidated in the future whether EDIN-A and EDIN-C also modify the RhoE/Rnd3 subtype or not.
Rho GTPases are central regulators of actin cytoskeleton in eukaryotic cells and are involved in multiple cellular functions, including cell morphology, cell growth, cell cycle progression, motility, cell adhesion, phagocytosis, endocytosis, apoptosis, and smooth muscle contraction (31, 52, 54) . Several bacterial Rho GTPase-inactivating proteins, such as large clostridial cytotoxins (3) and YopT of Yersinia enterocolitica (63) , are known to be profoundly implicated in bacterial pathogenesis. It is also possible that EDINs play important roles in the pathogenesis of S. aureus skin infection, although no direct evidence for this has been reported thus far. In this regard, it is of interest that ETB-producing strains are more frequently isolated than ETA-producing strains from children with the generalized form of SSSS, while both types of strains are equally detected in the localized form of SSSS, bullous impetigo. This suggests that ETB-producing strains are more virulent (33) . Furthermore, it was reported that ETB-producing strains sometimes cause the generalized form of SSSS in immunocompetent adults (33) . Since the dermatologic effects of ETA and ETB are indistinguishable, there must be additional factor(s) involved in the exacerbation of the diseases caused by ETBproducing strains. In consequence, our finding here that etb and edin-C coexist on ETB plasmids is particularly important. Previously, Aepfelbacher et al. (1) demonstrated that EDIN-A inhibited endothelial wound repair and endothelial cell migration through inhibition of Rho GTPases. We have also shown that EDIN-A induces transient hyperplasia of the epidermis when injected into adult mouse skin, suggesting that EDIN-A affects epidermal cell differentiation and growth in vivo (48) . It should be elucidated in the future whether EDIN-C is actually involved in the exacerbation of the diseases caused by ETBproducing strains.
